Abstract Genome modification platforms are fast becoming valuable tools for the development of novel therapies. The use of sequence-specific DNA binding proteins in conjunction with various effector domains enables targeted gene editing to be employed as a mode of therapy. Although this field of research has largely focused on the engineering and repair of mammalian genes, the technology may also be used to disrupt viral DNA or host factors associated with pathogenesis of viral disease. For persistent or latent infections, targeted mutagenesis of the episomal or proviral DNA could render the virus inactive. Alternatively, virus-resistant cells may be generated by disrupting the expression of host factors that are required for viral infection. This review highlights some of the approaches currently used to disable viruses, with a particular focus on TALENs and repressor TALEs for antiviral therapy.
Introduction
Several viruses that replicate using DNA intermediates are significant causes of global mortality and morbidity. These include human immunodeficiency virus-1 (HIV-1), hepatitis B virus (HBV), herpes simplex virus-1 (HSV-1), human T cell lymphotropic virus (HTLV), and human papilloma virus (HPV). The viral DNA templates are capable of reactivating replication and serve as latent reservoirs for the virus. Since available therapies do not affect viral DNA directly, therapeutic inactivation of these sequences by targeted gene editing would be a powerful means of disabling viral replication permanently. Developments in engineering customized DNA-binding proteins have therefore been of interest to advancing gene therapy for the treatment of several chronic viral infections. The main classes of sequence-specific binding proteins that are being developed for therapeutic application are:
is provided in Table 1 . Derivatives of TALEs have compared favorably to other DNA binding proteins and have exciting potential for antiviral gene therapy.
Ensuring specificity of interaction with targets is critically important for clinical use of genome editing and will be a major determinant of therapeutic success of targeted gene editing. To keep off-target interaction to a minimum, it is estimated that at least 17 bases within a viral DNA sequence need to be targeted [1] . The probability of a random 17 bp target site within a viral sequence occurring within the human genome is approximately 0.15. For a target of 18 bp, the probability is roughly 0.02. Although this should enable the design of elements that target viral DNA with good specificity, inherent incomplete specificity for targets and presence of human sequences that have homology to viral targets influence the precision of gene editing. To avoid toxicity, targets that have partial homology to host exonic or transcriptional regulatory elements should also be avoided. In addition to targeting viral sequences, disabling host factors that are required for viral infection is another potential antiviral therapeutic application of gene editing. Data indicate that this approach may be used to disrupt the CCR5 co-receptor in autologous CD4 T cells and have potential for HIV-1 therapy [2•] .
Formation of double-stranded breaks (DSBs) at specific sites of viral DNA is the basis for gene editing with customized nucleases. Normally, such DSBs are repaired by cellular machinery that is responsible for error-prone non-homologous end joining (NHEJ). In most cases, ligation of the cleaved DNA restores the sequence, but insertions and deletions (indels) may occur following repeated target cleavage. This disruption of a viral sequence at the target site could disable replication. Homology-directed repair (HDR) may also be harnessed by introducing sequences with homology to DNA flanking the cleavage target at the same time as cleavage by a sequence-specific nuclease. HDR is more efficient following the formation of DSBs. This property has been exploited to achieve targeted insertion and genome modification (recently reviewed in [3] [4] [5] [6] ). In addition to the use for therapy, targeted genome editing has been employed to generate model organisms, such as 'knock-in' murine lines.
To inhibit gene expression in a targeted way, the Krüppel-associated box (KRAB) has been fused to DNAtargeting proteins [7] . The KRAB domain is naturally found in transcriptional regulatory proteins [8] , and the potent inhibitory effect is mediated by recruitment of KRAB-associated protein 1 (KAP1), which in turn engages the function of other factors such as heterochromatin protein 1 (HP1) and various histone-modifying proteins [9] . The formation of heterochromatin causes potent transcriptional suppression [10] . This effect may be sustained and is effective over long ranges of DNA, which is potentially useful to counter viral replication. [11] . Naturally, TALEs function by regulating the host cells' gene expression to enhance survival of the bacteria. To achieve this, TALEs are introduced into the host plant cells via needle-like structures of a type III secretory system [12] . AvrBs3, one of the best characterized TALEs, increases expression of UPA20 [13] . This helix-loop-helix-containing transcriptional factor is a master regulator of plant cell growth and causes a cascade of cellular events that leads to hypertrophy of plant cells. Natural TALEs are made up of three main domains:
1. A nuclear localization signal (nls) at the C terminal end, 2. An acid activation domain (AD) that is responsible for transcription activation, and 3. A central region that comprises a tandem arrangement of modules and confers sequence-specific DNA binding properties on the TALEs.
Specificity of target gene regulation by TALEs is achieved by interaction of DNA-binding modules with their targets [14, 15] . This property of TALEs attracted interest of researchers working on targeted gene editing. Each module of the DNAbinding domain comprises 33 to 35 amino acids (reviewed in [12, 16, 17] ). Typically, 18.5 modular repeats constitute a DNA-binding domain, and each interacts with a single nucleotide in a DNA sequence. The C-terminal module usually comprises of 20 amino acids and is therefore indicated as half a module. With the exception for the amino acids at positions 12 and 13, the sequence of amino acids in each of the modules is similar. The two residues at positions 12 and 13 constitute the repeat-variable diresidues (RVDs) and confer nucleotidebinding specificity on each module.
Deciphering the specificity of RVDs' nucleotide binding [14, 15] was a significant development and has enabled advancing use of TALE derivatives for antiviral therapy. There is some degeneracy to the code and more than one RVD may bind to the same base. Conversely, the same RVD may bind to different bases. RVDs comprising NN (Asn-Asn), NI (AsnIle), NG (Asn-Gly), and HD (His-Asp) have been used to bind to G, A, T, and C, respectively. However, NN may also interact with A residues. NK (Arg-Lys) is more specific for G, but the binding affinity of TALEs with modules containing these RVDs may be lower [18] . NH (Asn-His) seems to have high affinity for G, but does not compromise TALE activity [19] . A significant advantage of using TALEs to bind to specific DNA sequences is that individual monomers may be coupled without the neighboring sequences significantly influencing binding affinity. This is contrary to the case with engineering of ZFPs to bind specific targets. Arranging monomer-encoding sequences to constitute an artificial TALE is therefore convenient to engineer proteins with desired DNA-binding affinity [17] .
General Principles of using Gene Editing to Disable Viral Replication
Using genome engineering agents to cleave episomal viral DNA typically harnesses the error-prone NHEJ pathway to introduce indels at specific sites of the viral DNA. This approach to viral gene therapy has recently gained considerable interest as it potentially causes permanent inactivation of viral replication. To date, only a few potential viral targets have been investigated. These include two retroviruses (HIV-1 and HTLV) and three DNA viruses (HSV, HPV, and HBV). All four main classes of sequence-specific binding proteins, linked to various DNA cleavage enzymes, have been investigated as potential antiviral agents ( Table 2 ). Both ZFNs and CRISPR/Cas9 nucleases have been designed to cleave long terminal repeats (LTRs) of the proviral DNA of HIV-1 and HTLV. Resulting reduced viral gene expression and elimination of the integrated proviral DNA have been demonstrated [26] [27] [28] 34] . HSV antiviral activity has been observed following site-directed cleavage of the episomal DNA using HEs [31, 32] and CRISPR/Cas9 endonucleases [33] in cell culture models of infection. In addition, Aubert and colleagues used an adeno-associated viral vector (AAV) to deliver these anti-HSV HEs [32] . Success of the approach indicates that the vector platform may have therapeutic utility. Efficient cleavage of HPV was achieved by Mino et al., who generated zinc finger fusion proteins linked to the staphylococcal nuclease domain, which subsequently resulted in a decrease in viral replication in vitro [30] . Finally, HBV gene targeting and viral inactivation have been achieved using ZFNs [20, 21] and TALENs [22•, 23] in cell culture and animal models of infection and/or replication. To date, this TALEN-mediated direct antiviral approach has only been described for HBV.
Anti-HBV TALENs
Chronic HBV infection is associated with persistence of the episomal covalently closed circular DNA (cccDNA) molecules which exist as stable minichromosome-like structures in the nucleus of infected hepatocytes [35, 36] . HBV's compact genome arrangement limits sequence plasticity, which makes it a good candidate for nuclease-mediated therapy as the likelihood of emergence of viral escape mutants is low. Initial investigations by Cradick and colleagues illustrated that engineered ZFNs were able to cleave HBV DNA targets in cultured cells [20] . By targeting the HBV core (C) open reading frame, they achieved 36 % disruption at the cognate binding site when using a replication-competent plasmid-based cell culture model of viral replication. In 2013, Bloom et al.
showed that TALENs were also capable of efficiently cleaving HBV DNA. This resulted in the inactivation of viral replication in both cultured liver-derived cells and also in a murine model of HBV replication [22•] . TALENs designed to target overlapping reading frames within the surface (S) and C regions inhibited expression of proteins encoded by the sequences. The S TALEN-mediated cleavage of up to 35 % of cccDNA copies in the HepG2.2.15 cell line. Further validation of these two TALEN pairs was established in vivo when murine hydrodynamic injection was used to co-deliver an HBV replication competent plasmid together with DNA encoding the anti-HBV TALENs [22•] . Between 58 and 87 %, targeted disruption was observed, without any apparent TALENassociated liver toxicity. Deep sequencing of the S and C target sites demonstrated that deletions were the predominant mutation. Cleavage of the HBV DNA also reduced the number of circulating viral particles, indicating disruption of HBV replication. Later in 2013, these results were supported by Chen and colleagues [23] , who also showed that TALENs designed to bind to the C and polymerase (P) open reading frames reduced viral antigen and pregenomic RNA expression in vitro and in vivo. They found that the antiviral effect was not limited to a single genotype, suggesting that a TALEN pair may be used to target multiple genotypes. Data from this study also showed that TALENs may be used together with IFN-α, a licensed anti-HBV agent, to enhance anti-HBV efficacy in a synergistic manner.
Use of rTALEs for Transcriptional Silencing of HBV Genes
The minichromosome-like structure of HBV cccDNA may also be amenable to transcriptional gene silencing through induction of heterochromatin formation. Feasibility of the approach was demonstrated with the first use of sequencespecific DNA binding proteins to counter HBV replication. 
Limitations of Gene Editing for HBV Therapy
A major concern of any nuclease-mediated gene therapy is the potential for genotoxic events as a result of off-target cleavage [39] [40] [41] . Bloom and colleagues reported bioinformatic analysis showing no potential off-target binding sites in either the mouse or human genomes for TALENs targeting S, C, and P regions of HBV [22•] . This finding may explain the absence of any TALEN-associated cytotoxicity in their study. HBV DNA may therefore be a good target for genome engineering, since the likelihood of genotoxicity appears low. Since hydrodynamic injection for the delivery of TALENs and rTALEs is not clinically useful, hepatotropic vectors are required for therapeutic use. AAV vectors have been used to successfully deliver anti-HBV ZFNs in a cell culture model of HBV infection [21] . However, the large size of TALEN-encoding sequences, together with the requirement of the nucleases to function as dimers, places limitations on the application of AAVs to delivery of the sequences. The size limit of transgenes that may be incorporated into single-stranded AAVs is approximately 4.5 kb. As a result, two vectors are required to deliver sequences that express a complete TALEN dimer, but a single vector may be used to transduce cells with an rTALE. The repetitive nature of the sequences encoding the TALE DNA binding domain also places a restriction on the type of viral vector that may be employed to deliver these gene editing sequences. This was confirmed in a study by Holkers et al. who demonstrated that TALENs may be efficiently incorporated into recombinant adenoviruses, but use of lentiviruses to deliver the sequences is suboptimal because these vectors are prone to recombination [42] . Although anti-HBV TALENs and rTALEs present a unique approach to viral gene therapy, challenges of ensuring specificity for HBV targets and efficient delivery to hepatocytes in vivo need to be achieved before the technology is clinically applicable.
Engineering Resistant Host Cells
An alternative approach to treating viral infections, which is currently being investigated for hepatitis C virus (HCV) and HIV-1, is to disrupt host genes that are required for active viral infection and/or replication. Since viruses rely on host cell transcription factors, proteins, and enzymes for attachment, replication, and virion assembly, inhibition of host factors may be used to counter viral infections. Moreover, by disabling host factors, risk of viral escape is also minimized. The reason is that the risk of a virus generating a mutation that enables it to bypass an essential cellular stage of its replication is very unlikely.
Gene Editing to Render T Cells Resistant to HIV-1 Infection
The current treatment for HIV-1 involves use of a combination of antiretroviral drugs. The treatment regimen is referred to as highly active antiretroviral therapy (HAART), and its use has dramatically improved patient survival. However, HAART is not able to eradicate the virus from infected individuals and is not curative of HIV-1 infection. Moreover, treatment interruption and/or non-adherence to the therapy may lead to the emergence of drug-resistant viruses [43] . Thus, there is a clear need to develop novel strategies for controlling viral replication. The natural replication cycle of HIV-1 offers a wide range of steps that may be targeted for therapeutic purposes.
An attractive approach aims to block initial stages of HIV-1 infection. The rationale for such a strategy has been provided by experiences with the single success of curing a patient of HIV-1 infection. Timothy Brown, also known as 'The Berlin Patient', was HIV-1-positive and underwent hematopoietic stem cell (HSC) transplantation for the treatment of acute myeloid leukemia (AML) [44] . He received the transplant from a donor who harbored a homozygous 32-bp deletion in the C-C chemokine receptor (5CCR5) gene. This Δ32 mutation leads to premature termination of translation with consequent loss of protein expression. Cells lacking CCR5 are naturally resistant to HIV-1 infection since the protein is used as co-receptor for cellular entry by the CCR5-tropic HIV-1 virus. Moreover, HIV-1 disease progression seems to correlate with CCR5 dose, as development of clinical complications of HIV-1 infection proceeds more slowly in individuals who are heterozygous for the Δ32 mutation. This evidence has established cellular CCR5 as a good target for antiviral strategies aims at disrupting infection by preventing interaction of the virus with its co-receptor [45, 46] .
Knocking Out CCR5
Although potential donors who are homozygous for the Δ32 mutation in CCR5 are rare [47] , gene editing ex vivo may be used to knock-down or completely eliminate CCR5 expression in patients' cells. By using autologous cells, as depicted in Fig. 1 , the risks associated with heterologous haematopoietic stem cell (HSC) transplantation and chemotherapy regimens are diminished. Moreover, by eliminating a key element that is required for virus entry, the chance of selecting escaping mutants is minimized.
Tebas et al. have recently shown that HIV-resistant T-Cells lacking the CCR5 receptor could be generated by using CCR5-specific ZFNs. Upon transplantation of HIV-1-infected patients with autologous-modified T cells, the CCR5 mutation caused a lower viral load when HAART treatment was interrupted [2•] . This is a milestone in the field of ex vivo gene editing as it was the first clinical trial to show some benefit in human patients transplanted with engineered autologous T cells. An important observation of the study was that treatment of one of the patients was particularly effective, and only later was he was discovered to be heterozygous for the Δ32 mutation of CCR5. This finding highlights the correlation between CCR5 levels and HIV-1 resistance, and also emphasises the importance of achieving bi-allelic CCR5 knockout.
Although these results are promising, the genotoxic risk associated with off target cleavage by designer nucleases is a concern. Potential problems resulting from off target effects have prevented widespread use, particularly in applications that involve stem cells (i.e., CD34+ cells) with high-proliferative capacity [48] . Indeed, studies have shown that CCR5-specific ZFNs, besides being highly active at their intended target, may cleave at additional genomic sites that share some homology with the target site [49, 50] . Non-specific cleavage is particularly important for targeted disruption of CCR5, since this gene has a paralogue, CCR2, on the same chromosome. This off target site is efficiently cleaved by CCR5-specific ZFNs and increases risk of genomic instability. Recently, in a side-byside comparison with ZFNs, TALENs were better able to discriminate between very similar target sites of CCR5 and CCR2 in the human genome [29] . TALENs typically recognize longer target sequences compared to ZFNs, and this might be the major determinant for the reduced off target cleavage that was observed. In addition, the use of obligate heterodimeric cleavage domains may further increase the safety associated with the use of TALENs.
Challenges Facing Anti-HIV-1 Gene Editing Carried Out Ex Vivo
Availability of a nuclease platform that causes minimal off target cleavage [51] creates important opportunities for clinical translation of ex vivo targeted genome editing. However, a hindrance to the use of gene editing to treat HIV-1 infection is the difficulty of achieving the short duration of high expression of the gene editors that is required for bi-allelic modification of CCR5 without off target mutation. Delivery methods that entail the use of viral or non-viral vectors have been tested. In the aforementioned clinical trial reported by Tebas and colleagues [2•], ZFNs were delivered using recombinant adenoviral vectors. The high-viral doses that are necessary may be associated with induction of an immune response to the adenoviral vectors and may limit further infusion of cells following ex vivo-based treatments. Direct plasmid transfection causes activation of an innate immune response and may therefore be unsuitable. An alternative method to express the designer nucleases in primary T cells or hematopoietic stem cells may be achieved by electroporation of mRNA encoding for the engineered nucleases. This method combines high efficiency and only minimal cytotoxicity. However, the large amount of mRNA that is needed may pose cost-associated problems for the generation of clinical-grade reagents. Direct protein delivery may be an appropriate alternative. Dose would be easier to control but delivery to the target cells may still be problematic. Since protein purification is timeconsuming, associated with high production costs and contaminants may be toxic, clinical use of recombinant gene editing proteins will require further refinement.
Using TALENs to Control HCV Infection and Replication
HCV, a hepatotropic RNA virus, is clinically managed through a genotype-specific combinatorial therapy approach reviewed by [52] . For most patients treatment regimens include peginterferon and ribavirin and a third therapeutic may be added in some cases. A number of adverse side effects and the emergence of viral escape mutants are major drawbacks of currently available therapies. Recently, two independent studies have demonstrated that TALEN-based disruption of host genes in liver derived cells inhibits HCV replication and cell entry [24, 25] . An APOB -/-Huh-7 stable cell line was established to show that the expression of the apoB-100 protein is necessary for active HCV replication [24] . Similarly, cell entry and replication cycle of HCV may be obstructed by using TALENs to knock out the diacylglycerol acyltransferase-1 (DGAT1) gene [25] . Although these are interesting observations, the feasibility of using TALENs for treating HCV infection remains to be established. Exclusion of toxic effects of mutating a natural host protein will be important.
Conclusions
Very impressive progress has been made in developing antiviral application of customized DNA sequencespecific artificial rTALEs and TALENs. By introducing mutations at intended sites, TALENs are capable of achieving permanent inhibition of viral replication. With rTALEs, the potential for unintended mutation is limited. However, durable inhibition of viral gene expression may be attained. As with most gene therapy strategies, the challenges that face advancing rTALEs and TALENs to a stage of clinical application are significant. Some of the hurdles that need to be overcome, and which are generic to gene therapy, are the following:
1. Ensuring efficient delivery to intended virus-infected target tissues, 2. Controlling the dose of therapeutic rTALEs and TALENs, 3. Ensuring adequate specificity, 4. Limiting host's immune responses to the rTALEs and TALENs, and 5. Preventing viral escape.
Durable expression may be complicated by increased risk of unintended off target effects. The delivery of mRNA encoding the rTALEs and TALENs or use of recombinant proteins, instead of protein-encoding DNA cassettes, may address this limitation. This should ensure that transient and more regulatable effects are achieved. Ex vivo delivery of rTALEs and TALENs may be easier, but technically demanding procedures for modifying cells in culture and reinfusion into patients limits widespread use. Despite these challenges, the use of rTALEs and TALENs for treatment of viral infections is poised at an exciting stage. Significant developments in their application, together with that of other gene editing technologies, are surely imminent.
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